[Abstract] Lignin is the second most abundant biopolymer on Earth, providing plants with mechanical support in secondary cell walls and defense against abiotic and biotic stresses. However, lignin also acts as a barrier to biomass saccharification for biofuel generation (Carroll and Somerville, 2009; Zhao and Dixon, 2011; Wang et al., 2013) . For these reasons, studying the properties of lignin is of great interest to researchers in agriculture and bioenergy fields. This protocol describes the acetyl bromide method of total lignin extraction and quantification, which is favored among other methods for its high recovery, consistency, and insensitivity to different tissue types (Johnson et al., 1961; Chang et al., 2008; Moreira-Vilar et al., 2014; Kapp et al., 2015) . In brief, acetyl bromide digestion causes the formation of acetyl derivatives on free hydroxyl groups and bromide substitution of α-carbon hydroxyl groups on the lignin backbone to cause a complete solubilization of lignin, which can be quantified using known extinction coefficients and absorbance at 280 nm (Moreira-Vilar et al., 2014) .
2. Lyophilize tissue until completely dry; duration of lyophilization often depends on tissue density, but commonly takes at least 24 h and up to 72 h for complete drying.
3. Grind freeze-dried tissue to pass through a 60-mesh screen using a Wiley Mini-Mill. Wiley MiniMills are equipped to grind dried samples ranging from long, thin Arabidopsis stems (several mm thick) to thicker woody tissues (~1 cm).
4. Transfer coarsely-ground samples to cryogenic-compatible containers with steel balls (leave 1/3 of the container empty for air space) and mill using a Retsch CryoMill ball mill with a pre-cooling cryo setting at 5 Hz for ~3 min, followed by grinding at 5-10 min at 30 Hz. If the sample is not a homogenously fine powder after this initial grinding, another round of cryogenic milling should be performed. It is essential to obtain a fine powder with high surface area to facilitate the complete digestion of lignin present in the AIR (Figure 1 ). This tissue will be used to prepare alcohol insoluble residue (AIR). 4 www.bio-protocol.org/e2149 2. Add 1.5 ml of 70% ethanol, vortex thoroughly, centrifuge at ≥ 10,000 x g for 10 min to pellet residue, remove as much supernatant as possible without disturbing the pellet.
3. Wash with 1.5 ml 1:1 chloroform:methanol, vortex to resuspend pellet, then centrifuge and remove supernatant as described in the previous step. 5. To destarch AIR, add 1.5 ml 90% DMSO to the pellet, vortex thoroughly, and allow to shake overnight on a platform rocker at a speed of at least 50 rpm speed at the highest angle to facilitate mixing. The following day, centrifuge and remove supernatant as previously described (see Note 4).
6. Wash once in 1.5 ml 90% DMSO, vortex, centrifuge, remove supernatant as described above.
7. Wash six times in 1.5 ml 70% ethanol; vortex, then centrifuge and remove supernatant each time as previously described. record the exact mass. Small aggregates of particulate AIR below ~0.5 mm in diameter will not affect lignin solubilization as small aggregates should be permeable to the 25% acetyl bromide due to cryo-milling and will likely disintegrate during digestion. For each biological sample, perform technical replicates in triplicate.
2. In a chemical hood, prepare 25% acetyl bromide by diluting in glacial acetic acid (see Note 6).
Be sure to wear appropriate PPE and use a glass graduated cylinder for measuring and only glass containers for all steps involving acetyl bromide.
3. To each glass tube containing destarched AIR, gently add 1 ml of 25% acetyl bromide, swirl gently to mix AIR into 25% acetyl bromide. Also add 1 ml of 25% acetyl bromide to an empty glass tube, which will serve as a blank. 2149 absorption at 280 nm against a blank on a spectrophotometer immediately after mixing is complete. The blank consists of the blank acetyl bromide digestion sample mixed with 1.5 N NaOH and hydroxylamine hydrochloride in the same ratio as previously described. Due to the utilization of a single quartz cuvette, each sample must be prepared in the cuvette immediately before reading A 280 . If the A 280 measurement exceeds 1.000, it is recommended to dilute the mixture with acetic acid to ensure accurate readings and to best observe the resulting curve for any aberrant characteristics (see Figure 3 for expected spectrum characteristics). Be sure to account for this dilution factor in addition to the other dilutions from the 1 ml digestion during calculation of percentage of acetyl bromide soluble lignin (see Note 9). Table 1 ; see Note 10).
Data analysis
1. The following formula can be used to determine the mass percentage of AIR that is ABSL, and can be converted to µg mg -1 AIR:
Where, A 280 = Absorbance at 280 nm (Blank corrected), www.bio-protocol.org/e2149 3. After calculation of percent ABSL, apply a two-tailed t-test for comparing two samples or OneWay ANOVA for comparing multiple samples.
Notes

1.
Always wear PPE when dealing with concentrated acids and bases such as acetyl bromide, glacial acetic acid, and sodium hydroxide.
2. A 3 mm glass bead can be added to each tube before preparing AIR to facilitate pellet resuspension and mixing after centrifugation. This will speed up the process considerably, extract lipids more efficiently, and maintain high yields of AIR, especially when dealing with a large number of samples.
3. All steps of AIR preparation are performed at room temperature, with the option of drying at 35 °C under a stream of air at steps B4 and B8. Use of a Reacti-Therm module is not required, but will dry samples faster and more evenly due to the supply of gentle airflow and heat. Drying in the Reacti-Therm module usually takes < 1 h, and the pellet will appear cracked when it is 8 www.bio-protocol.org/e2149 9. Dilution factor should be calculated from with respect to the volume of the 25% acetyl bromide digestion of 1 ml. For a sample yielding A 280 readings in the range of 0-1.000 without the need for dilution, the following dilutions should be accounted for when using the protocol as read above: a 6x dilution upon addition of 5 ml of glacial acetic acid following digestion, and a (10/3)- 9 www.bio-protocol.org/e2149 fold dilution during mixing of 300 µl digested AIR material, with 400 µl 1.5 N NaOH, and 300 µl hydroxylamine hydrochloride, to produce a total dilution factor of 20. this extinction coefficient was determined using a method most similar to the protocol above on
Arabidopsis thaliana (Col-0) stem tissues, and was experimentally determined across various
Arabidopsis thaliana ecotypes, allowing our values to be readily compared to other studies using this method in the future.
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